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Abstract

This paper describes an experimental investigation of acoustically forced lean premixed turbulent bluf
stabilised flames in an enclosure short enough so that no coupling of the combustor downstream acoustics
for the frequencies studied here, which allows an unambiguous examination of the flame response to inl
ity fluctuations. Special emphasis was placed on the amplitude dependence of this response. Measure
the heat release rate were performed with OH∗ and CH∗ chemiluminescence, planar laser-induced fluoresc
(PLIF) of OH from which the flame surface density (FSD) was computed, and simultaneous CH2O and OH PLIF
imaging from which the local heat release rate (RX) was estimated. The global heat release measured wi
luminescence and that integrated from the local FSD measurements were in close agreement, while a co
between FSD and high-resolution RX imaging also showed good agreement. This suggests that estima
flame area are sufficient to determine heat release rate for this flow. The heat release response became
after inlet velocity amplitudes of around 15% of the bulk velocity. This value depended on the forcing freq
and the equivalence ratio. The nonlinearity was found to occur when the shear layers rolled up into vortic
vortices induced by the inlet velocity fluctuations not only generated flame area when the flame wrapped
them, but also caused cusps and even large-scale flame annihilation events, as observed in time-resolved
images. Such events occurred when parts of the flame stabilised on the inner shear layer close to the
tion zone collapsed on parts of the flame stabilised on the outer recirculation zone, a phenomenon that w
more prominent with increasing forcing amplitude. A further nonlinearity occurred at high amplitudes and a
equivalence ratios, where a significant leakage of energy to higher harmonics was observed, but the orig
is not yet clarified. The present results suggest that the flame sheet kinematics play a major role in the s
mechanism of lean premixed flame response, hence extending previous experimental and analytical res
laminar to turbulent flames. Heat release fluctuations due to local fluctuations of strain rate and curvatu
less significant, while no localised extinction has been observed even at large forcing amplitudes.
 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The theoretical description of combustion-induc
oscillations, a problem of significant theoretical a
practical importance, necessitates a quantificatio
the response of the flame to the unsteady inlet
locity and/or equivalence ratio caused by the pr
sure waves that may be set up in the combustor. T
is usually done by the flame transfer function (H)
[1–16]. If the instantaneous flow velocity at the burn
exit is U , then U(t) = 〈U 〉 + u′(t), where 〈 〉 and
primes represent the mean and the fluctuating c
ponents, respectively. Similarly, ifQ is the heat re-
lease rate,Q(t) = 〈Q〉 + Q′(t). For completely pre-
mixed mixtures, the nonlinear flame transfer funct
or nonlinear frequency response function can then
defined asH(f,A),

(1)H(f,A) = Q′(f )/〈Q〉
u′(f )/〈U 〉 ,

where〈Q〉 is the time-averaged heat release rate,〈U 〉
is the bulk velocity of the mixture entering the com
bustor,Q′(f ) andu′(f ) are their corresponding am
plitudes at frequencyf (i.e., the amplitudes of th
Fourier transforms ofQ andU , narrow-band filtered
aroundf ) andA is the magnitude ofu′(f )/〈U 〉. If H

were available, then reduced-order models (for a
cent review of this concept, see[1]) could be advanta
geously deployed to predict the onset of instabiliti
H has been determined by theoretical models[1–8]
and CFD[9,10], but very few direct measuremen
of H are available[11–16] due to the difficulties in-
volved in estimating the heat release rate. Althou
the earlier linear models[1,7] for predicting combus
tion instabilities could predict the phase relationsh
well even with rough estimates ofH , more accuracy
is required on the amplitude dependence ofH for
limit-cycle amplitude predictions.

Until now, most heat release measurements h
been based on narrow-band OH∗, CH∗, C∗

2 and broad-
band C∗2 chemiluminescence emission[11–19]. Lang-
horne[11] used light emission from C∗2 to quantify
the heat release and investigated “Reheat Buzz”
premixed flame stabilised by V-gutter. The measu
ments were used to obtain heat release–pressure t
fer function, which was later used for theoretical p
dictions successfully[12]. OH∗ chemiluminescence
was used to measure the transfer function to un
stand the combustion dynamics of turbulent swirl
flames[14] and was also used later successfully
Zähringer et al.[15] to measure the transfer functio
-

in a practical industrial burner. Further, Lieuwen a
Neumeier[16] measured nonlinear transfer functi
in a gas turbine combustor using OH∗ chemilumines-
cence. Lawn[17] developed a cross-correlation tec
nique based on OH∗ chemiluminescence to measu
the distributed heat release in unsteady flames.
et al. [18] used OH∗ as well as OH PLIF to measur
the flame response and Bernier et al.[19] used CH∗
to quantify the heat release for their study in a mo
premixed, prevaporised swirl-stabilised combustor
all the above studies, the chemiluminescence sig
have been observed to scale linearly with fuel c
sumption rates and have thus been assumed to c
late with global heat release rates. CH∗ was used to
understand also the response of forced nonprem
flames by Hardalupas and Selbach[20]. In a recent
study with opposed jet flames[21], the authors con
clude that OH∗, CH∗, and CO∗2 are better heat releas
measures as opposed to the C∗

2 chemiluminescence
which was reported to fail under high strain con
tions.

In earlier experimental studies with CH PLIF
was found that CH disappears in regions of high c
vature and rates of strain[22]. By inference, both CH∗
and OH∗ must be questioned for their reliability a
heat release or flame front markers, because both
products of the CH reaction pathway. Similar pro
lems exist for CO∗2 chemiluminescence. A thoroug
recent review of related theoretical and experime
work by Lee and Santavicca[23] with relevance to
instability research also suggests that chemilumin
cence data must be interpreted with care. Howe
very few investigations were dedicated to compare
dynamic response of the flame chemiluminesce
with other advanced optical measurements.

In parallel to theoretical models that use a cal
lation of flame surface area to build the flame trans
function (see[24] and the reviews[2,7]), measure-
ments of the flame area have been performed for l
inar flames[4–6] but not extensively yet for turbulen
flames. Various techniques can be used to visua
the flame contour and hence flame area. For prem
flames, OH PLIF is very powerful since OH gradien
are generally found to correlate well with the po
tion of the local flame front[23,25–27]. Knikker et al.
[25] performed OH PLIF in a bluff-body-stabilised
ducted premixed turbulent flame to identify the tw
dimensional flame contours and hence to estim
heat release rates from them. To get an estimat
heat release from the flame area, one must ass
that the flame speed does not change along the fl
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contour. In addition, the total flame area is difficult
estimate from two-dimensional image slices beca
no information on the effects of wrinkling in the thir
dimension is available. Hence, there are ambigui
in estimates of the total heat release from such d
Despite these reservations, Ref.[23] reported mea
surements of two-dimensional flame contours, wh
were identified from OH PLIF images in an unstab
flame in a gas turbine combustor and the resulting
timated total flame area was found to be in phase w
CO∗

2 emission. Since FSD has already been prove
very useful tool for turbulent combustion in gene
[28,29]and can be captured equally well by tomog
phy[28–30]and OH PLIF[31,32], this technique can
be used for flame instability studies, provided that
burning rate along the flame contour does not cha
significantly.

A more direct measurement of local heat rele
rate can be accomplished by simultaneous PLIF im
ing of formaldehyde (CH2O) and OH. The pixel-by-
pixel product of such images has been shown to co
late well with the local heat release rate in studies
laminar flame–vortex interactions[33,34]. Böckle et
al. [35] have demonstrated the technique in turbul
premixed flames stabilised on a Bunsen burner
Fayoux et al.[36] used it in laminar counterflow pre
mixed flames. It was suggested in Ref.[37] that this
technique predicts the heat release better than ch
luminescence in the presence of strong vortex, wh
makes this technique a better candidate for condit
where the flame–acoustics interaction is domina
by vortex shedding mechanisms.

In the present paper, we apply the above meth
of heat release measurement to derive flame tran
functions for acoustically forced premixed turbule
flames. The difficulties discussed above are expe
to be more pronounced when large-amplitude os
lations are present, with resulting high strain ra
and possible localised extinctions. Very few exp
imental investigations of this so-called “nonlinea
regime are available (e.g.,[16,38]), although it is a
condition that may occur in combustion-induced
cillations in realistic combustors and is related to
combustor’s limit-cycle behaviour. The saturation
the flame response to flow velocity fluctuations
challenging to describe theoretically[3] and little is
known about its physical origin, although its presen
has been observed in naturally unstable combus
[39–41]. There have been numerous investigations
small-amplitude perturbations both by experimen
determination and by modelling (see[4–7]), however
the information about finite amplitude effects on fr
quency response of flame is very scarce. Dowling[3]
modelled the nonlinear coupling between inlet vel
ity fluctuations and heat release based on the fact
the chemiluminescence cannot become negative
ing the flow reversals, leading to conditions whe
the saturation happens when the flow velocity fl
tuations are of the order of mean velocity, i.e.,A ∼ 1.
The measurements in a lean turbulent premixed fla
by Bellows et al.[38] showed a saturation in the
flame chemiluminescence at a velocity amplitude
A ∼ 0.2–0.3. They speculated that the nonlinear
sponse could be due to nonlinear flame sheet kine
ics, but suggested further optical studies of the fla
front dynamics to better understand the mechan
present in their study. Theoretical and experime
determination of transfer function in laminar flam
[4,42] showed that the flame area evolved nonlinea
with increase in amplitude. In a recent work[43], it
was shown that the cyclic flame surface destruc
during the neighbouring flame front interaction w
an important mechanism in self-excited oscillatio
Lieuwen and co-workers[44] suggest a similar kine
matic restoration process as a possible mechanism
nonlinear response of flame.

It is clear that various possibilities exist as to t
origin of a flame’s nonlinear response and that v
ious techniques, with different associated uncert
ties, are available for measuring the heat release
that determines this nonlinear response. In an e
to understand this phenomenon better, in this
per, a relatively simple turbulent premixed flame w
forced at high amplitudes and its response was qu
tified by chemiluminescence, FSD, and direct lo
heat release imaging (RX). The results provide b
a comparison on the heat release measurements
some data on nonlinearity. The main objectives of
present paper are therefore: (i) to compare the
ious techniques for estimating the heat release
and to apply them to an acoustically forced premix
flame stabilised by a bluff body; (ii) to explore ho
the flame response measured by these technique
haves as a function of large excitation amplitudes;
(iii) to understand the origin of the phenomenon
saturation of the heat release response of prem
flames. The rest of this paper is organised as follo
the burner and the measurement techniques use
described in Section2, while the results are present
and discussed in Section3. The paper closes with
summary of the most important conclusions.

2. Experimental methods

2.1. Burner

A 10 kW acoustically excited bluff-body combu
tor was used during the current study.Fig. 1 shows
the schematic of the burner assembly. The burner
sists of a 300-mm-long circular duct of inner diame
(i.d.) 35 mm with a conical bluff body of diamete
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Fig. 1. Schematic of the burner.
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25 mm giving a blockage ratio of 50%, which st
bilises the flame. The burner duct houses pressure
for acoustic pressure measurements. The premixe
actants flow through a 200-mm-long plenum cham
of inner diameter 100 mm. For the present work, e
ylene was fully premixed with the air upstream of t
burner. To introduce velocity oscillations at the blu
body, two loudspeakers were used. These spea
were mounted diametrically opposite to each othe
the circumference of the plenum chamber. The lo
speakers were excited by a sinusoidal signal, ge
ated using a TTi 40 MHz arbitrary waveform gene
ator. The forcing amplitude (peak-to-peak voltage
the speakers) and the frequency of forcing were va
independently to understand the dependence of fl
response on amplitude and frequency of forcing. T
forcing achieved was as high as 80% of the mean
locity (i.e.,A = 0.8) for certain forcing frequencies.

The flame was enclosed using a 80-mm-long fu
silica quartz cylinder of inner diameter 70 mm whi
provided optical access for the imaging and a
avoided equivalence ratio (φ) variations due to pos
sible air entrainment from the surroundings. In
der to reduce the interference from the acoustics
the downstream geometry on upstream forcing,
length of the enclosure was chosen to be small so
its resonant frequency was much higher than the
quency of forcing. For the present study, the forc
frequency was varied between 20 and 400 Hz w
the fundamental frequency of the downstream d
is around 1000 Hz; hence, the resonant effects of
downstream geometry are minimised. Turbulent p
mixed flames of equivalence ratios in the range 0.
0.7 were used, with a bulk velocity of 9.9 m/s at the
combustor inlet, giving a Reynolds number of appr
imately 19,000.

2.2. Measurement techniques

2.2.1. Acoustic and flow-rate measurements
The mass-flow rates of air and the fuel were m

sured and controlled using Bronkhorst Hi-Tech ma
flow controllers with measurement ranges of 12–6
litres per minute (lpm) for air and 1.2–60 lpm f
ethylene, with an accuracy of±0.5% of the full-
scale deflection. Three Kulite high-sensitivity pre
sure transducers (Model XCS-093 with sensitivit
of 4.2857×10−3 mV/Pa) were used to measure pre
sure perturbations and the two-microphone techni
reviewed in[45] was used to determine the bulk v
locity fluctuations at the combustor inlet from th
pressure measurements. Direct measurements o
locity fluctuations were performed under cold-flo
conditions with a Dantec hot-wire anemometer
cated at a radial distance of 15 mm from the bl
body centre to calibrate the two-microphone te
nique. The signals from the transducers and the
wire anemometer were amplified, digitised, and sa
using a digital data acquisition system (National
struments PCI 6034E, resolution 16 bits, input ran
10± 0.05 V, maximum sampling rate 200 kHz). Da
were acquired at a sampling rate of 10,000 Hz
time series lasting 2 s were collected and stored
postprocessing which resulted in a frequency res
tion of 0.5 Hz.



R. Balachandran et al. / Combustion and Flame 143 (2005) 37–55 41

ve-
od

the
c-

to

d
of

n of
e

om-
cts
160,

rre-
ing
er
the
be
d
oc-
p-
at

ged
e-
-
he
was
nder
ity
ot-

ous

fa-
sent
l in
of

ers
le-
H

ye

e
on

f

m
ned

ms
th,
er.
the

the
,
ique
int

at

her
2
nd

col-
nd
e to
t an
en-

LIF
re-

med
el.
re
m,
Fig. 2. Comparison of amplitude and the phase of the
locity fluctuation measured by the two-microphone meth
and a hot wire located at a radial location 15 mm from
bluff body under cold flow conditions, as a function of for
ing frequency for a constant peak-to-peak input voltage
the speakers.〈U〉 = 9.9 m/s.

Fig. 2 shows theA values that can be obtaine
by the external excitation using an input signal
constant peak-to-peak voltage value, as a functio
forcing frequency, andFig. 2 also shows the phas
difference (normalised usingπ ), with reference to the
forcing signal. These results suggest that the c
bustor plenum chamber with the air supply line a
like a resonator with peak responses around 40,
and 320 Hz, respectively, thus resulting in highA

values around these frequencies. The first peak co
sponded to the eigenmode of the combustor includ
the plenum and the air supply line, while the oth
frequencies were that of the geometric modes of
combustor including the plenum chamber. It can
seen fromFig. 2 that the two-microphone metho
slightly overestimates the magnitude of the vel
ity fluctuation but the trend of the variation is ca
tured well. This discrepancy is due to the fact th
in the two-microphone calculations an area-avera
velocity was used. Similarly, the phase of the v
locity fluctuations relative to the input forcing sig
nal is very similar from both techniques. Despite t
good agreement, the two-microphone estimate
corrected based on the hot-wire measurement u
the cold-flow conditions to provide accurate veloc
fluctuation amplitude for characterisation of the h
flow condition.
Fig. 3. Schematic of the laser layout used for simultane
OH, CH2O, and OH∗ imaging.

2.2.2. Simultaneous OH, CH2O PLIF imaging
Fig. 3 shows the layout of the laser diagnostic

cility used to measure heat release rate for the pre
study. The technique is described in more detai
Ref. [46]. The laser system consists of a cluster
4 Nd:YAG lasers (Continuum Surelite), 2 dye las
(Sirah Cobra-Stretch), and 2 high-resolution doub
pulsed ICCD cameras (Lavision Nanostar). For O
PLIF, the frequency-doubled output from one d
laser (marked as Dye laser−1 in Fig. 3) was tuned
near 283 nm to pump the Q1(4.5) transition of the
A1 ∑

–X2 ∏
(1,0) band. OH fluorescence from th

(0,0) and(1,1) bands near 310 nm was captured
the ICCD camera (labelled ICCD-1 inFig. 3) fitted
with a UV f/4.5 Nikkor lens and a combination o
UG 11 and WG 305 Schott glass filters. For CH2O
LIF excitation, the frequency-doubled output fro
the second dye laser (marked Dye laser-2) was tu
to pump the bandÃ1A2–X̃1A141

0 of CH2O near
353 nm. The two counter-propagating laser bea
were formed into overlapping sheets of 55 mm wid
which intersected the axis of the bluff-body burn
The thickness of the laser sheet, defined as twice
distance from the centre of the beam to where
light intensity dropped to 1/e2 of its maximum value
was measured by the scanning knife-edge techn
[47] and it was found to be 0.1 mm at the focal po
(burner axis), increasing to not more than 0.2 mm
the confinement radius.

The CH2O fluorescence was recorded on the ot
ICCD camera (i.e., ICCD-2) fitted with an f/1.
Nikkor camera lens and filters (GG 375 (Schott) a
550 nm short pass), which provided broadband
lection of the LIF signal and rejected out-of-ba
interference. The lasers were tuned off resonanc
verify that the laser-generated interference was no
issue. The temporal separation of the laser pulses
sured that there was no cross talk between the two
measurements. In order to investigate local heat
lease fluctuations, the measurements were perfor
with a projected pixel resolution of 35 µm per pix
For the FSD estimation, the OH LIF signals we
recorded with a projected pixel size of 50–70 µ
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which was enough to give both high resolution a
large imaging areas so that the whole flame w
viewed.

Numerical results have established an excel
correlation of HCO production rate with heat relea
and burning rates in N2-diluted premixed methane/a
flames[34,36,37]. The major pathways leading to th
production of CO and CO2 in the lean combustion o
hydrocarbon fuels proceed via HCO[34] through the
reaction:

CH2O + OH → HCO+ H2O. (2)

The forward rate of reaction(2) can be written as
k(T )[CH2O][OH], wherek is the rate constant,T is
temperature, and[ ] denotes number density. Sin
LIF signals are related to species densities, this p
vides an avenue to measure the reaction rate via
concentrations of CH2O and OH. However, LIF in-
tensities depend also on the temperature through
collisional quenching and the Boltzmann populat
fraction[34]. The product of simultaneously record
LIF signals of CH2O and OH can therefore be e
pressed as

(CH2O LIF)(OH LIF) ∝ f (T )[CH2O][OH]. (3)

Over a limited range of temperatures, it is possi
to select transition lines such thatf (T ) closely mim-
ics the forward reaction ratek(T ) in Eq.(2) [34]. The
excitation lines chosen during this work are the sa
as that of Refs.[33,34], which satisfy this criterion.

In atmospheric flames the fluorescence quan
yield is dominated by the quenching rates. In
case of OH PLIF, from judicious choice of excit
tion and detection wavelengths, the temperature
pendence can be cancelled out and thus the PLIF
ages would essentially represent mole fractions[34].
However, with CH2O molecules, there is a stron
temperature dependence from the Boltzmann f
tion. This temperature dependence was modelle
Ref. [34] and the formaldehyde LIF signal was re
resented by(CH2O LIF) ∝ XCH2OT −β , where X

denotes mole fraction, with 2.2< β < 3 over the tem-
perature range 800–1800 K; thus, the functional
pendence forf (T ) [Eq. (2)] is betweenT −0.2 and
T −1. In Ref. [34] it was shown that in the range o
temperatures expected in the region of overlap of
OH and CH2O, the primary dependence in the pro
uct of LIF signals is through the product of numb
densities. Thus, the product of the two LIF sign
provided a measure of a quantity that correlated w
local heat release rate. In the present study, an
proach similar to that of[33–35] was followed; i.e.,
the product of LIF signals of OH and CH2O was used
to obtain a quantity which correlates with the heat
lease rate.
Despite the fact that the numerical study
Ref. [34] was performed for methane, the same c
clusion applies to ethylene that gives higher qu
tities of CH2O and hence better signal to noise
tios. Steady laminar flame calculations also indic
that this reaction contributes significantly to the h
release in a lean premixed ethylene/air flame[46],
which suggests that the simultaneous OH and CH2O
technique should be applicable also to the ethyl
flames used here. In a recent work[36], it was shown
that the measurements from this technique in a l
inar counterflow premixed flame of propane we
in good agreement with computations with detai
chemistry, hence giving extra credence to the te
nique.

The laser imaging was phase locked with the r
erence signal. The TTL component of the forcing s
nal (the reference signal) triggered the CH2O laser.
After a delay of 500 ns, the OH laser was sub
quently triggered. With respect to the flow and co
bustion time scales, this delay renders the laser m
surements quasi-instantaneous. Both OH and CH2O
fluorescence signals were captured with the res
tive image intensifiers gated at 350 ns. The acou
cycle was divided into 18 phases and at every ph
angle 75–100 images were taken and saved for p
processing and statistical analysis. The stored ins
taneous images were processed and then averag
obtain phase-averaged quantities (more details g
later).

2.2.3. OH∗ and CH∗ chemiluminescence
measurements

The photomultiplier tubes (PMT) used to meas
the global OH∗ and CH∗ chemiluminescence durin
the present work were Hamamatsu (R3788) side
PMTs, both fitted with interference filters of 10-n
bandwidth centred at 307 and 435 nm, respectiv
The signal collection optics used for OH∗ and CH∗
chemiluminescence measurement were identical
were designed to collect light from the entire co
bustion zone and it was ensured that both the PM
viewed the same region. The PMT measureme
were recorded simultaneously with the acoustic p
sure measurements using the data acquisition sy
described earlier. During the current study, along w
the PLIF images, the OH∗ chemiluminescence wa
also recorded simultaneously by using the doub
frame, double-exposure option of the ICCD-1 ca
era (Fig. 3), for which the intensifier was gated
50 µs. The collection wavelength of OH∗ chemilu-
minescence images taken with the camera was b
(from 305 to 400 nm), while that of PMT measur
ments was a 10-nm-wide band around 307 nm.
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Fig. 4. Time series of normalised reference signal, acou
pressure, and OH∗ chemiluminescence signal. Conditio
are:〈U〉 = 9.9 m/s,φ = 0.55,f = 160 Hz, andA = 0.45.

2.2.4. Time-resolved OH PLIF measurements
For the time-resolved OH PLIF measureme

both dye lasers (1 and 2 inFig. 3) were tuned nea
283 nm to pump the Q1(6) transition of theA1 ∑

–
X2 ∏

(1,0) band. The four Nd:YAG lasers whic
pumped these dye lasers were triggered in sequen
a time interval of 1 ms. The images were captured
ing the double-frame, double-exposure option of
cameras resulting in four OH PLIF images separa
by 1 ms. This duration is not short enough to tract
quickest transients of the turbulent flame. For exa
ple, using an advection speed of about 10 m/s, 1 ms
gives a distance of 10 mm, which is about half a blu
body diameter. However, some very useful insig
can still be drawn on the dynamics of larger sc
structures, as will become evident later.

2.3. Determination of the flame response

2.3.1. Based on OH∗ and CH∗ chemiluminescence
Fig. 4shows an example time series of simulta

ously performed reference signal, acoustic press
and OH∗ chemiluminescence measurements. S
traces were analysed spectrally for different forc
frequencies and amplitudes using the fast Fou
transform (FFT) technique. From such power sp
tra, the complex amplitude of the quantities OH∗ ′
and CH∗ ′ at the forcing frequencyf , were deter-
mined. These values were normalised using the t
mean values of OH∗ and CH∗, respectively, to ob
tain OH∗ ′(f )/〈OH∗〉 and CH∗ ′(f )/〈CH〉, which are
used as estimates ofQ′(f )/〈Q〉. The two quantities
Q′(f )/〈Q〉 and u′(f )/〈U 〉 determined from the si
multaneous acoustic pressure measurements usin
two-microphone method, were used to determine
flame transfer functionH(f,A) defined by Eq.(1).

2.3.2. Based on flame surface density
The phase-locked instantaneous OH PLIF ima

were used to estimate the flame surface density.
OH PLIF intensity images were corrected for t
t

background noise and also for the beam profile
homogeneities. These images were then filtered
a Gaussian filter of width 3 pixels to remove the hig
frequency noise. The filtered intensity images w
subsequently resized by 2×2 binning, which resulted
in a projected pixel size of 150 µm and were th
converted into binary images by an intensity thre
olding procedure. Here, the pixel value of 1 cor
sponds to progress variable equal to 1 (burnt ga
and pixel values of zero indicate progress variab
(fresh mixture). The instantaneous flame contour
obtained from the instantaneous map of progress v
able. The flame surface density (FSD) was compu
with a procedure similar to the one noted in Ref.[30].
The interrogation box dimension chosen for the F
computations was 0.5 × 0.5 mm. The dependence
box size on the FSD computation was investigate
noted in Ref.[48] and it was found that the resul
were independent of the box size for the chosen
ues during these computations.

Fig. 5a (i) shows a typical instantaneous OH PL
image and the corresponding instantaneous fl
trace (image (iv) in the sequence). By averag
the instantaneous progress variable and flame
face density images taken at the same phase, ph
averaged progress variables and phase-averaged
surface density images are obtained. In order to c
pare the evaluated quantity with measured global h
release measurements, such 2D FSD phase-ave
images were revolved around the central burner
to obtain a 3D surface. The axisymmetric assump
was verified by horizontal OH PLIF measureme
performed on an open flame under similar flow co
ditions. This phase-averaged quantity obtained
every phase over the full cycle at each forcing c
dition was used to compare with the correspond
quantity determined from chemiluminescence. D
spite the fact that the flame surface area estim
obtained in this way may differ from the true flam
surface area due to the presence of fine scale wrin
along the flame circumference in turbulent flames,
flame surface area fluctuations reported in[23] were
found to correlate well with CO∗2 chemiluminescence

2.3.3. Reaction rate evaluation based on OH and
CH2O PLIF

In order to obtain heat release rate from the O
and CH2O PLIF images, a number of correctio
were made on the raw fluorescence images. As n
earlier, the images were corrected first for the ba
ground noise. Secondly, images were corrected fo
beam profile variations. Finally, both OH and CH2O
images were overlapped on a pixel-by-pixel basis
order to do this, a target image was aligned in the m
surement plane defined by the laser sheets and in
field of view of both cameras. From the coordina
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me
Fig. 5. Simultaneous instantaneous (a) and time-averaged (b) images of OH, CH2O, and the heat release rate (RX) and fla
contour. (The field of view is 40× 36 mm, lower side of image is 10 mm above the bluff body.)
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of the target images, polynomial warping coefficie
were extracted and used to geometrically transfo
one of the images to overlap with the other[46]. The
precision of the image matching was in the subpi
range. The corrected images were resized by 2× 2
binning, which resulted in an effective spatial reso
tion of 100 µm and then multiplied on a pixel-by-pix
basis to obtain the local heat release image.

Fig. 5a (ii) shows a typical instantaneous CH2O
image and the reaction rate (RX) image (iii) alo
with the corresponding flame trace determined fr
the OH image (iv). These instantaneous images w
averaged to obtain time-averaged reaction rate im
shown inFig. 5b to indicate the width of the flam
brush in this unforced flame.Fig. 5b shows typical
time-averaged distributions of OH, CH2O, and heat
release rate along with their flame brush. From th
images it can be seen that the flame contour obta
from OH PLIF essentially marks the flame, while t
reaction rate imaging technique has also captured
local heat release variation along the flame.

2.4. Error estimates

The uncertainties in the values of heat rele
fluctuationsQ′ over the mean value〈Q〉 arise from
many sources. First, there is broadening due to
FFT processing, which is estimated to cause an
certainty of about 0.1% in the reportedQ′/〈Q〉. Sec-
ondly, there is statistical uncertainty due to the fin
number of samples taken for all techniques. This
estimated to be around 0.4% for the PMT data, 1
for the FSD, and 15% for the heat release imag
Thirdly, reproducibility of the whole system (e.g., se
ting of flow rates, forcing, alignment of optics, etc
was checked by performing identical experiments
different dates and it was found thatQ′/〈Q〉 was dif-
ferent by not more than 1% for the PMT data a
10% for the FSD. Hence these can be used as
estimates of the accuracy of these techniques for
relative magnitude of heat release fluctuations.
The heat release imaging technique has not b
used in a fully quantitative manner yet and it is d
ficult to estimate its precision. Uncertainties in t
simultaneous OH and CH2O PLIF may arise due to
variation in the quenching cross sections through t
perature dependence. It was reported in Ref.[49] that
the calculated error in quantum yield in the temp
ature range where OH can be detected could b
high as±35%. These uncertainties do not affect
FSD calculation, which relies only in the large d
ference between OH in the unburnt and the bu
gases. No quenching data are available for CH2O and
hence such corrections are not possible. Hence
RX measurements in this paper are not quantitat
as also suggested by[36]. Despite this, measuremen
in laminar premixed flames[46] show that the heat re
lease as a function of equivalence ratio, divided by
corresponding measurement atφ = 1, has a trend to
within 20% of laminar flame computations. The rea
tion rate along turbulent premixed flames as a fu
tion of local flame curvature, normalised by the
action rate at no curvature, also followed the expec
trend from direct numerical simulations[46], with the
reaction rate decreasing as the flame switched f
negative to positive curvatures. This shows that
RX technique produces reasonable results concer
the local heat release rate, if the data are suitably
malised. In this paper, we use the RX data only for
ratio Q′/〈Q〉, which should not be affected by the
uncertainties.

3. Results and discussion

The measurement techniques presented in the
vious section were used to measure the heat rel
response of forced lean premixed flames. In this s
tion, a comparison of the heat release rate evalu
from these techniques is presented. Furthermore
dynamics of the local flame structure and the non
ear response of the flames to forcing are elucida
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Fig. 6. Time-averaged FSD image of an unforced fla
Conditions are:φ = 0.55,〈U〉 of 9.9 m/s. (The field of view
is 70× 55 mm, lower side of image is 0.5 mm above t
bluff body.)

in detail. Finally, this section closes with a discuss
about the mechanism of heat release modulation
the origin of saturation in forced premixed flames.

3.1. Dynamics of the forced flame

Fig. 6 shows a typical time-averaged FSD ima
of an unforced flame. The image shows that the fla
was primarily anchored at the shear layer genera
by the bluff body, with some flame elements at t
outer shear layer generated by the rearward fa
step (dump plane). Due to lower local temperature
the outer recirculation caused by the dump plane,
bilisation of such flame elements was not achiev
When the reactant mixtures were forced with su
ciently large amplitude, these shear layers rollup
form a counterrotating vortex pair[50]. The inner
shear layer rolls inward and the outer shear layer r
outward.Fig. 7 shows the evolution of the flame u
ing phase averages of FSD when the flame was fo
at 160 Hz (a condition selected to give highA value,
from Fig. 2) with the value of forcing amplitude,A,
equal to 0.64, a relatively high value. The 18 i
ages show the flame surface evolution at every◦
phase angle. The image sequence shows clearly
deformation of the flame base and later resulting
roll up of the flame front stabilised at the inner she
layer, radially inward while the flame stabilised on t
outer layer rolled up outward. It can be observed t
the rolled-up flame front grew in size and was co
vected with the flow and impinged on the wall. On
this disturbance moved out of the imaging region
new vortex started forming at the base of the flam
This phenomenon was cyclic following the impos
velocity fluctuations. The phase-averaged FSD
ages obtained from these PLIF images were revo
around the burner central axis and were used to ob
the normalised cyclic heat release fluctuation and
was compared with the quantity obtained from O∗
chemiluminescence imaging.

Fig. 8 shows the heat release variation evalua
from spatial integration of each of the phase-avera
FSD images inFig. 7 and the OH∗ chemilumines-
cence images captured simultaneously during the
periments. FromFigs. 7 and 8, it can be noted tha
the heat release decreased with the beginning o
rollup and decreased further to attain the lowest va
around 100–120◦, which corresponded to the ca
where the flame surface area was at the lowest v
due to the vortex rollup. The vortex while movin
downstream toward the wall increased in size,
creasing the flame area. The heat release evalu
from these measurements increased during this p
to attain a peak value around 280◦, which corre-
sponded to the highest flame surface area.

The heat release variations captured by both F
and OH∗ are in agreement with a small difference
magnitude and phase. The agreement between
and chemiluminescence was noted earlier by[32].
It was observed that the difference in the magnitu
Fig. 7. Phase-averaged FSD image sequence under strong acoustic forcing:〈U〉 = 9.9 m/s,f = 160 Hz,A = 0.64,φ = 0.55.
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Fig. 8. Comparison of the global heat release fluctuati
evaluated from phase-averaged FSD and from OH∗ chemi-
luminescence images (both imaged simultaneously, with
timated resolution of 50 µm):〈U〉 = 9.9 m/s, φ = 0.55,
f = 160 Hz, andA = 0.64.

between the two measurement techniques incre
with increase in forcing amplitude, but was abo
20% at the most. These measurements suggest
the FSD can capture the global heat release varia
well despite the reservation of it being a planar m
surement and that the flame speed can vary along
flame.

The FSD technique was further compared w
high-resolution heat release images under diffe
forcing conditions in an effort to evaluate its acc
racy. These experiments were performed to image
vortex-dominated region only. During these measu
ment cases, the forcing cycle was resolved into
phase bins and OH and CH2O PLIF images were
taken at every phase and stored. As described
lier, these instantaneous images were processed t
tain RX and FSD image and then these instantane
images were averaged to obtain phase-averaged
and FSD images, respectively. The heat release
ation over the forcing cycle was obtained from the
phase-averaged RX and FSD images.Figs. 9a and 9b
t

show typical instantaneous and phase-averaged
tributions of OH, CH2O, OH∗, and the correspondin
RX and FSD images, respectively. These images w
phase-locked at a phase angle of 40◦ with reference
to the forcing signal. It can be seen clearly that
flame, stabilised at the shear layers, has rolled up
a counterrotating vortex pair due to strong acou
forcing. From the images it can also be seen that
FSD marked the flame very well, in full agreeme
with the RX imaging. However, the instantaneous R
image shows a smaller heat release at the vortex
gion formed at the outer shear layer (marked as A
Fig. 9) than at the flame region inside the bluff-bod
generated recirculation zone (marked B inFig. 9),
something that an FSD-based heat release mea
ment cannot capture. The phase-averaged image
flect these facts clearly. It can also be observed f
the instantaneous and averaged OH∗ images, despite
longer integration times (50 µs), that the heat rele
was not captured well in the outer recirculation
gions due to weaker emissions from these regio
Both OH∗ and RX images show higher heat release
the region A marked inFig. 9. This is due to fact tha
the acoustically excited inner shear layer when ro
into a vortex brought reactants between the flame
faces resulting in higher heat release at the poin
focus.

We should finally note that even at high for
ing amplitudes, the RX imaging always showed
connected reaction zone without any evidence of
calised extinctions, which may have been expec
because the images cover the vortex-dominated
gion close to the bluff body where high strain rates
possible. The absence of localised extinctions se
to suggest that this is not a key mechanism determ
ing the flame response in this flow.

Fig. 10shows the cyclic evolution of heat relea
directly evaluated from RX imaging and that es
mated from the FSD, for the case presented inFig. 9.
It can be clearly seen from this figure that when
e
Fig. 9. Simultaneous instantaneous (a) and phase-averaged (b) images of OH, CH2O, the heat release rate (RX), and flam
contour at 40◦ phase angle with reference to the forcing signal:〈U〉 = 9.9 m/s,φ = 0.55,f = 160 Hz, andA = 0.64.
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Fig. 10. Comparison of the heat release fluctuations e
uated from phase-averaged RX and FSD images:〈U〉 =
9.9 m/s,φ = 0.55,f = 160 Hz, andA = 0.64.

vortex appeared, the heat release evaluated from
the measurements increased, but the heat release
uated from RX peaked ahead of that computed fr
FSD. The magnitude of heat release fluctuation o
its mean evaluated from RX is around 10–15% hig
than that evaluated from the FSD technique and
difference increased up to 20% with increase in fo
ing amplitude. The increase in local heat release
captured by both techniques in the vortex-domina
region and the fact that global heat release decre
with the appearance of the vortex (Fig. 8) suggest tha
the flame annihilation in the regions above the v
tex region could be playing a significant role in he
release modulation.

It must be noted that the accuracy of the RX ima
ing is critically dependent on the geometrical transf
mation procedure. Hence, the RX imaging techniq
if used to image a larger interrogation window mu
be interpreted with care due to the increased erro
estimations. The error in FSD estimates is mainly d
to the noise in the images. The fact that the FSD
the current study is based on OH PLIF, which ha
high signal to noise ratio, makes FSD a better cho
for determination of local mean reaction rate wh
performing global imaging (i.e., bigger interrogatio
window size).

Figs. 8 and 10suggest that FSD underestimates
heat release rate by not more than 20% at the hig
forcing amplitudes. This difference may be attribut
to the burning rate fluctuations along the flame as s
in Fig. 5a (iii) andFig. 9a (iv), although we cannot b
certain at this stage as the RX technique is not fu
quantitative. We can conclude, however, that track
the evolution of the flame front with FSD and meas
ing global chemiluminescence are probably suffici
tools to understand flame response even at high
plitudes. Details on the nonlinear response are g
next.
-

3.2. Nonlinear amplitude dependence of the flam
response

Fig. 11a shows the dependence of the OH∗ and
CH∗ chemiluminescence upon the inlet forcing a
plitude at the same forcing frequency. It can be clea
seen from the figure that the heat release respons
urates at an amplitude of around 15% marked ax

in the figure. With further increase in amplitude t
flame response levelled off which is marked asx′.
Fig. 11c shows the transfer function (i.e., they axis
of Fig. 11a divided by A) and the correspondin
phase information calculated from the data presen
in Fig. 11a. A linear response would be a straight ho
zontal line. The transfer function measurements sh
clearly a nonlinear amplitude dependence: at lo
amplitudes the transfer function drops rapidly with
crease in amplitude and once the magnitude reach
certain value, with further increase in amplitude th
was little change in transfer function. At the po
corresponding tox′, the transfer function again star
decreasing. It can be seen fromFig. 11c that the phase
of the transfer function was nearly independent of
amplitude of forcing up to the pointx, after which
the phase increased with increasing forcing am
tude. From these data it is also clearly evident t
the magnitude and phase of the heat release resp
measured by both OH∗ and CH∗ chemiluminescenc
techniques are in good agreement. Bellows and
workers[38,51] observed saturation similar to thex
(marked inFig. 11a) in their experiments with force
turbulent premixed flames. They speculated this s
ration to be due to a nonlinear evolution of the fla
surface area. However, they insisted on the need
optical measurements to confirm this, and such m
surements are discussed below.

Fig. 11b shows the heat release response evalu
from FSD as a function of forcing amplitude. The fi
ure shows two saturation points similar to that of O∗
and CH∗ measurements. However, the magnitude
the normalised response measured from FSD t
nique has lower values compared to that of chem
minescence measurements, which may be due t
cal burning rate fluctuations along the flame conto
These measurements confirmed that the level of c
tribution of flame surface modulation to the total he
release response is significant and flame area ev
tion is playing a key role in the observed saturati
This is consistent with results obtained by Schulle
al. [6] for laminar flames.

Fig. 12shows averaged FSD images for the sa
case presented inFig. 11at a particular phase ang
(120◦ w.r.t. forcing signal), at different forcing am
plitudes. It can be seen that asA increases from 0.2
(corresponding to pointx marked in theFig. 11) the
flame surface is increasingly curved. It can also
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Fig. 11. The dependence of normalised global heat release fluctuation upon the forcing velocity amplitudeA for a forcing
frequencyf = 160 Hz, measured using OH∗ and CH∗ chemiluminescence (a) and evaluated using FSD (b). (c) The magn
of the transfer function [Eq.(1)] and its phase evaluated from the data of (a). (x andx′ denote the points of saturation, discuss
in detail in the text.)
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Fig. 12. Phase-averaged FSD images at 120◦ relative to the
reference signal for different values ofA. Conditions are:
〈U〉 = 9.9 m/s,φ = 0.55, andf = 160 Hz.

seen that the vortex rollup has shortened the fla
which in turn reduced the total flame area nonl
early, despite the fact that the flame area is expe
to be increased by flame elements wrapping aro
the vortex. It can be observed from these images
the intensity of the flame elements above the v
tex region decreases with increase in amplitude
forcing, suggesting possible flame surface dest
tions in these regions. Further increase in amplit
shows decreased response in FSD and it can be
in Fig. 11b that the response levelled off aroundA =
0.59, marked asx′. It can be seen that the flames
A = 0.59 and 0.64 are virtually identical, which e
plains why the last two points inFig. 11b show iden-
tical Q′/〈Q〉.

The finite amplitude response of the flame w
investigated further for different forcing frequenci
between 20 and 400 Hz. However, only three frequ
cies other than 160 Hz are presented here, sele
so that they give relatively high magnitude of in
forcing. Fig. 13a shows the amplitude dependen
of heat release response of the flame at 40 Hz w
the corresponding magnitude of transfer function a
the phase information measured using OH∗ and CH∗
chemiluminescence. It is evident from the figure t
the chemiluminescence response was linear thro
out the forcing conditions. The magnitude of trans
function shows a nearly linear dependence on the
plitude while the phase seemed to be independen
the amplitude of forcing. During these measureme
it was noted in PLIF images that there was no sh
layer rollup, and the flame area modulation was o
by the turbulent motion of the flame.

Figs. 13b and 13cshow the amplitude dependen
of the heat release response and the correspon
transfer function calculations when the flame w
forced at 240 and 310 Hz. As in the case of 160
forcing, the appearance of the saturation pointx was
consistent with the appearance of the flame rol
However the amplitude of the saturation for 240 a
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) 40 Hz,
(a) (b) (c)

Fig. 13. The dependence of normalised global heat release fluctuation upon the forcing velocity amplitudeA, measured using
OH∗ and CH∗ chemiluminescence, and their corresponding transfer function and the phase relation for frequencies (a
(b) 240 Hz, and (c) 310 Hz, respectively. For all,〈U〉 = 9.9 m/s,φ = 0.55.
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310 Hz forcing conditions was found to be low
than that of the 160 Hz forcing. This could be d
to the fact that the amplitude of inlet oscillation r
quired to achieve excitation of the shear layer to
up into vortex has strong frequency dependence
was shown in Ref.[14] that the required amplitud
to excite the shear layer to roll up decreases with
creasing frequency. It can also be seen that the p
dependence for forcing at 310 Hz has a linear dep
dence upon the amplitude up to the point of satu
tion, while beyond that point the phase increased w
increase in forcing amplitude. This could be due
the fact that at this forcing frequency the flame mig
not be acoustically convectively compact. (A flam
whose length is much less than an acoustic convec
wavelength is referred to as acoustically convectiv
compact; see Ref.[7].) The optical measuremen
showed that for these cases (frequencies), before
vortex moves out of the combustion zone, a new v
tex appeared at the base of the flame. The interac
of these two vortices could be causing this nonlin
dependence of phase on the amplitude.

In an effort to understand further the response
the flame to acoustic forcing, the transfer functio
measured at different forcing frequencies for a ra
of amplitudes are consolidated inFig. 14. Fig. 14a
shows the magnitude of the transfer function at diff
ent forcing frequencies for different amplitudes, a
Fig. 14b shows the phase between the heat release
the velocity fluctuations. The magnitude of trans
function was found to decrease with increasing am
tude for all the forcing frequencies (better represen
in Fig. 15). However, at lower frequency ranges th
scatter was very low when compared to that of hi
frequency forcing conditions.

The phase plot (Fig. 14b) shows the variation in
phase of the transfer function as the function of fo
ing frequency, which suggests a definite time de
This time delay was referred to as “fuel convecti
delay time” in Ref. [1]. From the data presente
in Fig. 14b it was calculated to be of the order
8 ms. This delay time along with the mean velocity
9.9 m/s would translate into a convection distance
∼80 mm, which correspond to the length of the reg
of measurement. It can be observed from the figu
that the phase measured above 280 Hz had more
ter than at the lower frequencies; this could be ag
due to the fact that the flame was not acoustically c
vectively compact. These are the conditions where
spread in time delay[52] must be modelled with care

To better understand the effect of forcing amp
tude on the frequency response of the flame, the
presented inFig. 14were reconstructed for consta
amplitude of forcing from the interpolation betwe
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(a) (b)

Fig. 14. (a) Flame transfer function as a function of frequency and amplitude and (b) the relative phase relation.〈U〉 = 9.9 m/s,
φ = 0.55.
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Fig. 15. Transfer function evaluated from the data ofFig. 14
using binomial curve-fit as a function of frequency for t
indicatedA.

the magnitude of transfer function and the amplitu
of forcing for every frequency using a bilinear fi
Fig. 15shows the reconstructed flame transfer fu
tion measurements for constant forcing amplitude
can be observed that with increase in forcing am
tude the magnitude of the transfer function decrea
this decrease being greater for higher frequencies
for the lower frequencies. During these experime
it was observed that up to nearly 100 Hz, there w
no significant flame surface modification irrespect
of the magnitude of the forcing amplitude. For t
higher forcing frequencies, flame surface rollup w
observed. Since this is amplitude dependent, sig
icant difference in the amplitude dependence of
flame responses at low- and high-frequency forc
occurs.

3.3. Effect of equivalence ratio on nonlinear
response

Fig. 16a shows the effect of equivalence ra
on the nonlinear heat release response of the fl
forced at 160 Hz with different forcing amplitude
The equivalence ratio was varied from 0.55 to
and the OH∗ chemiluminescence and acoustic pr
sure measurements were performed simultaneous
obtain the global heat release response of the fla
Fig. 16b shows the magnitude of transfer function a
phase for the case presented inFig. 16a. As suggested
earlier, the saturation was determined by the fla
front rollup. The amplitude required for this rollu
was higher for higher equivalence ratios possibly
cause the corresponding increase in laminar burn
velocities shifts the flame position relative to the v
tex. The phase of the transfer function was also fo
to increase with increase in equivalence ratio; ho
ever, the trend in variation as a function of amplitu
was same for all cases.

It is interesting to also note that for the equivalen
ratios 0.67 and 0.7 and after the saturation, an incr
in amplitude of forcing resulted in sudden drop
heat release response, marked asx′ in the figure. The
time series measurement of OH∗ and the correspond
ing cold-flow velocity measurements before and a
the point of saturationx′ are shown inFigs. 17a and
17b, respectively. The velocity measurements sh
relatively small harmonic contents; however, the O∗
clearly shows a disproportionately larger distortion
the waveform after the saturation, suggesting a str
response at a harmonic frequency. The amplitude
quired to obtain this saturationx′ was also found to
decrease with increase in equivalence ratio.

In order to better understand this nonlinear beh
iour, the inlet velocity measurements were analyse
determine the amount of harmonic content under c
flow. It was observed that there was a linear incre
in harmonic content during forcing (Fig. 18). How-
ever, the ratio of fluctuation of heat release at the
harmonic frequency to that of the forcing frequen
showed a highly nonlinear variation against the fo
ing amplitude (seeFig. 19). For a particular equiva
lence ratio this relative response to the first harmo
frequency was found to increase linearly up to
saturation pointx (marked inFigs. 16 and 19), after
which this relative response stayed constant. This
gests that with the appearance of the flame rollup,
response to the harmonic frequency was suppres
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and (b)
(a) (b)

Fig. 16. (a) The normalised global heat release fluctuation measured as a function ofA for various equivalence ratios, using OH∗
chemiluminescence. (b) The corresponding transfer function and the phase:〈U〉 = 9.9 m/s, φ = 0.55 (x andx′ are points of
saturation, see text).

(a)

(b)

Fig. 17. Time series of OH∗ chemiluminescence and the corresponding cold flow inlet velocity measurements (a) before
after saturation noted asx′ in Fig. 16with A values 0.57 and 0.64, respectively.〈U〉 = 9.9 m/s,φ = 0.67,f = 160 Hz.
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Fig. 18. Variation of ratio of amplitude of inlet velocity fluc
tuation at first harmonic of the forcing frequency (320 H
A2, to that at the forcing frequency (160 Hz),A1 upon am-
plitude.〈U〉 = 9.9 m/s.

Fig. 19. Variation of ratio of amplitude of heat release flu
tuation at first harmonic of the forcing frequency (320 H
to that at the forcing frequency (160 Hz) upon amplitu
over different equivalence ratio:〈U〉 = 9.9 m/s (x and x′
are points of saturation, marked inFig. 16).

This proportional harmonic response increased s
denly with further increase in amplitude (for ce
tain equivalence ratio conditions, here 0.67 and 0
This behaviour could be due to a complex interact
among flame, harmonic content present in the ve
ity, and the upstream geometry. An analysis of
response of laminar flames to monochromatic ve
ity forcing [6] also suggested that the flame surfa
fluctuations contained harmonics of the forcing f
quencies. To understand this nonlinear flame respo
to multiple frequencies in inlet velocity fluctuation
further detailed investigation with optical measu
ments is necessary. However, the present data su
an additional reason why transfer functions can
nonlinear.

3.4. Discussion

In this paper, chemiluminescence measurem
(from OH∗ and CH∗), both measured continuous
(using PMT) and by phase-averaged (using ICC
imaging along with laser-based measurements, fl
surface density (FSD) based on OH PLIF, and re
t

tion rate (RX) imaging based on simultaneous O
and CH2O PLIF, were used to investigate the he
release modulation and to understand the non
ear response of a turbulent premixed flame to hi
amplitude inlet velocity fluctuations. The reaction ra
(RX) imaging has been proved to correlate well
some hydrocarbon fuels (methane, propane, and
ylene) both computationally and experimentally
laminar flame under lean conditions[33,34,36,37].
However, the technique is yet to be used extensiv
as a quantitative measure of heat release. During
present study with turbulent fully premixed flame
the reaction rate imaging was found to capture the
cal heat release variation well in the vortex domina
regions, hence extending previous results from la
nar flame–vortex interactions[33,34]. This suggests
the potential of the technique in exploring combu
tion instability in the nonlinear regime where stra
and curvature may play an important role. It has b
found here that such local effects are not very la
contributors to the global heat release modulat
with the forcing.

The flame surface density (FSD) based on
PLIF was found to agree well with chemilumine
cence in Refs.[23,32] and also during the prese
study. Furthermore the FSD measurements ag
reasonably well with RX imaging. Apart from the fa
that the FSD evaluation is less expensive compare
RX imaging, the data from the present study pro
the ability of the FSD technique to capture the no
linear heat release response of the flame. This imp
certain confidence in using FSD in evaluating lo
mean reaction rate for fully premixed flames.

It was observed that the flame response m
sured using OH∗ and CH∗ is in very good agreemen
(Fig. 11). However, care must be taken while meas
ing CH∗ (which lies in visible region), due to possib
interference from the ambient light. If this happe
it would result in higher mean signal, thereby affe
ing the magnitude of the transfer function grea
During the present investigation, the OH∗ and CH∗
chemiluminescence measurements were found to
ture the nonlinear flame response well. Furtherm
the agreement between the techniques OH∗ and FSD
and the later with RX imaging even in the vorte
dominated regime increases the confidence in che
luminescence emission measurements.

For the transfer function measurement, estima
the global response is more critical than the local v
ation. The fact that the chemiluminescence techni
is cheaper and requires no additional skills for co
putation or measurements and the ability to mon
fluctuations continuously in time make the chemi
minescence measurements a reasonably good c
of instrument. The chemiluminescence can also
used to evaluate heat release from imperfectly p
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and B:
Fig. 20. Time-resolved OH PLIF images of a flame subjected to strong forcing showing flame annihilation events. A
〈U〉 = 9.9 m/s,φ = 0.55,f = 160 Hz,A ∼ 0.5.
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mixed flames with some limitations in interpretatio
although recently spatially resolved instruments t
can also estimate localφ have been developed[21].

The dynamics of the flame to imposed inlet v
locity oscillations was captured using OH∗, FSD,
and RX imaging techniques. All these measureme
when using data only from the vortex-dominated
gion, showed a definite increase in phase-avera
heat release rate when the vortex appeared. How
the global heat release measurements (i.e., inclu
data from the whole domain) showed a decreas
heat release at the same phase relative to the
ing. The phase-averaged FSD and OH∗ imaging also
showed a decreased heat release in regions abov
vortex when the vortex was close to the bluff bo
The measurements hence suggest the possibilit
flame surface destruction or flame annihilation aw
from the bluff body, downstream from the vorte
Thus, the balance between the fluctuations in lo
heat release by vortex rollup and by cusp format
and flame annihilation resulted in the global heat
lease modulation.

This conjecture was tested with examination
time series of OH PLIF.Fig. 20 is a typical time se-
quence of the OH PLIF images. It shows the fla
surface evolution with time when subjected to stro
inlet velocity perturbations. It was observed fro
these measurements that the vortex induced by
locity fluctuations was convected with a velocity a
proximately equal to the bulk velocity at the dum
plane and the vortex grew in size. The important
servation during this measurement is that the vo
brought together the flame elements stabilised on
inner and outer shear layer (at the interface of
ner and outer recirculation zone, respectively) a
this interaction resulted in flame surface destruct
(marked with circle labelled A inFig. 20). Similar
flame annihilation events were observed when
ferent flame elements interacted close to the vo
(marked by square labelled as B inFig. 20).

These measurements along with the phase-a
aged FSD measurements suggest that the flame
face modulation plays a major role in heat rele
magnitude. It seems that the flame burning rate flu
ations along the flame surface, despite being pre
(e.g., account for the difference in FSD and O∗
data inFigs. 8 and 11and the difference in FSD an
RX data inFig. 10), are of smaller importance tha
the magnitude of the flame surface density and h
this is altered by the vortices. The latter effect d
pends conceivably on the laminar burning veloc
and hence the difference in the point of saturation
Fig. 16. The former interaction is mostly due to th
strain and flame curvature affecting the local burn
rate. Laminar strained premixed flames of ethyle
have Le> 1 and hence a burning rate reduction
expected[53]. It would be interesting to examine mix
tures with Le= 1, where strain and curvature effec
would be less important.

In an effort to explore this point, measureme
with a methane flame atφ = 0.7 that give Le∼ 1 [54]
were also taken. This equivalence ratio was sele
so that the laminar burning velocity of the flame w
the same (∼0.18 m/s) as the ethylene flame studi
here (φ = 0.55).Fig. 21shows that the methane flam
also saturates at approximately the sameA value. The
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Fig. 21. Comparison of response of ethylene and meth
flames of equivalence ratio valuesφ = 0.55 and 0.7, re-
spectively. Measurements with OH∗, and for both〈U〉 =
9.9 m/s,f = 160 Hz.

Q′/〈Q〉 value from OH∗ in ethylene is higher tha
that of OH∗ in methane. The difference of the tw
curves inFig. 21 is of similar magnitude to the dif
ference between the OH∗ and FSD in ethylene flame
(Fig. 11) and both differences should be due to lo
strain and curvature effects. We may conjecture he
that the flame area modulation is the most import
phenomenon affecting the global heat release fluc
tions, with localised variations being less importan

4. Conclusions

Detailed experimental investigations were p
formed to measure the response of lean prem
turbulent bluff-body-stabilised flames to imposed
let velocity perturbations through transfer functi
measurements. Special attention was given to the
plitude dependence of the transfer function, sin
the flame response to high amplitudes is relev
to the emergence of limit-cycle combustion-induc
oscillations. Three different heat release meas
ment approaches were followed during the pres
work, namely OH∗ and CH∗ chemiluminescence us
ing photo-multiplier tubes and ICCD, flame surfa
density (FSD) based on OH PLIF, and local h
release (RX) rate evaluated from simultaneous
and CH2O PLIF measurements. The imaging syst
comprised four Nd:YAG lasers, two dye lasers, a
two double-exposure cameras. It was also used to
vide a sequence of four OH PLIF images separate
1 ms, which assisted in showing the time evolution
the flame front during the forcing cycle.

Concerning a comparison of the above techniq
used to evaluate the flame transfer function, the
lowing conclusions were reached. First, the glo
heat release evaluated from OH∗ and CH∗ chemilu-
minescence agreed very well both in magnitude
in phase. Second, the magnitude of the heat rel
response captured by chemiluminescence meas
ments and by FSD showed a similar trend with fo
ing amplitude. Finally, the local heat release evalua
from high-resolution reaction rate imaging was high
than that estimated from the FSD measuremen
10–20% in magnitude and the latter had a phase
of about 40◦. These results show that the heat rele
estimation through measurement of the flame sur
density is adequate for flame instability studies,
spite the large amplitudes of forcing used here. T
implies that the local effects of strain and curvature
reducing the burning velocity probably do not cau
large variations in the global heat release rate.

Concerning the detailed flame response with fo
ing amplitude, it was found that the heat release
creased nonlinearly after inlet velocity amplitudes
around 15%, a value that depended on the forc
frequency and the equivalence ratio. This nonline
ity was found to occur when the reacting shear l
ers rolled up into vortices and was captured with
heat release measurement techniques. The vortice
duced by the inlet velocity fluctuations not only ge
erated flame area when the flame wrapped aro
them but also caused cusps and even large-scale fl
annihilation events, as observed in time-resolved
PLIF images, when parts of the flame stabilised on
inner shear layer close to the recirculation zone c
lapsed on parts of the flame stabilised on the oute
circulation zone, a phenomenon that was made m
prominent with increasing forcing amplitude. A fu
ther nonlinearity occurred at high amplitudes and
some equivalent ratios, where a significant leak
of energy to higher harmonics was observed, des
the fact that the inlet velocity fluctuation had a cor
spondingly small content at the harmonic frequenc

The present results suggest that the flame s
kinematics play a major role in the saturation mec
nism of lean premixed flame response, hence ext
ing previous experimental and analytical results fr
laminar to turbulent flames. Heat release fluctuati
due to local fluctuations of strain rate and curvat
had a smaller effect, while no localised extinction h
been observed even at large forcing amplitudes.
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